Abstract. An adamantane derivative, 2, 2-Bis (4-(4-amino-3-hydroxyphenoxy) phenyl) adamantane (DPA), was found to inhibit the growth of several cancer cell lines in the National Cancer Institute (NCI) Anticancer Drug Screen system. Our previous study showed that DPA inhibited the growth of human colon cancer cell Colo 205 xenografts. DPAtreated cells were arrested at G 0 /G 1 , and the DPA-induced cell growth inhibition was irreversible after removal of DPA. Moreover, no acute toxicity was observed after an intraperitoneal challenge of DPA in nude mice weekly. In this study, we examined the in vivo therapeutic potential of DPA combined with clinical chemotherapeutic agent CPT-11 in Colo 205 cell xenografts. The in vitro cytostatic and differentiative effects of DPA on human colon cancer cells was also evaluated. DPA exerted growth inhibitory activities in vitro against three human colon cancer cell lines (Colo 205, HT-29, and HCT-15). DPA-treated cells showed a more adhesive epithelial phenotype. The differentiation markers of carcinoembryonic antigen (CEA) and fibronectin (FN) were significantly increased in colon cancer cells after treatment with DPA. Further studies showed the induction of p21/Cip1, p27/Kip1, E-cadherin and dephosphorylated p120ctn expression was involved in DPA-induced anticancer effects. Interestingly, DPA-induced elevation of p21/Cip1 was independent of the induction of p53 in Colo 205 cells. In vivo results demonstrated that DPA enhanced the in vivo anticancer activity of the chemotherapeutic agent, CPT-11, by elevation of p53-independent p21/Cip1 and p27/Kip1 expression. Our results suggest that DPA appears to be a new potentially less toxic modality of cancer combinatory therapy.
Introduction
Adamantane derivatives possess several attractive pharmacological activities, such as antibacterial, antifungal, antiviral and anticancer effects (1) (2) (3) . Our previous study found that N-1-adamantylcitraconimide, N-1-adamantylmaleimide (AMI) and N-1-diamantylmaleimide (DMI) exhibited modest growth-inhibitory activity against four cancer cell lines (Colo 205, HepG2, SK-BR-3 and Molt-4) (2). We also found that AMI was effective in inhibiting the growth of human gastric cancer cells both in vitro and in vivo and induced apoptosis in vitro (3) . The AMI derivative dimethyladamantylmaleimide (DMAMI) induces apoptosis and inhibits the growth of human colon cancer Colo 205 in SCID mice (4) .
In a recent study, we characterized the anticancer activities of diamantane derivatives using 60 human cancer cell lines in NCI Anticancer Drug Screen, and evaluated the structureactivity relationship. 1, 6-Bis [4-(4-amino-3-hydroxyphenoxy) phenyl] diamantane (DPD) exhibited marked anticancer activity on the sub-panel of 60 human cancer cell lines (5) . The antiproliferative effects and differentiation-inducing property of DPD were demonstrated in human colon cancer cells, and the DPD-induced effects were irreversible after removal of DPD (6) . DPD also induced apoptosis in human leukemic cells by elevation of reactive oxygen species (5) . No acute toxicity was observed after an intra-peritoneal challenge of DPD in mice twice a week. For comparison between the anticancer activity of diamantane and adamantane derivatives, we further synthesized the new adamantane derivative, 2, 2-Bis (4-(4-amino-3-hydroxyphenoxy) phenyl) adamantane (DPA), an analogue of DPD. In another recent study of ours, DPA also exhibited marked anticancer activities on the sub-panel of 60 human cancer cell lines, especially colon cancer cell lines, and induced G 1 arrest in Colo 205 and HT-29 cells (7) .
Colon cancer is a major cause of mortality in the Western world (8) . Although chemotherapy and radiation therapy have been attempted in adjuvant and palliative treatments, a more effective adjuvant therapy is needed for colon cancer patients. Nearly half of all patients with colon cancer still die of metastatic disease after curative surgery. New chemotherapeutic agents, such as topoisomerase I inhibitor irinotecan (CPT-11), are now used as a second-line chemotherapeutic agent for patients who have failed to respond to previous 5-FU-based chemotherapy, but the survival remains poor for patients with metastatic colorectal carcinoma (9, 10) . Although CPT-11 has been shown to be highly effective in treatment of colon cancer, the dosage is limited by toxicities such as diarrhea (11) . Therefore, developing new therapeutic drugs for colon cancer is a worthwhile task.
Disordered proliferation is one of the characteristics of malignant tumors. Multiple genetic alterations in tumor cells affect the regulation of the cell-cycle machinery (12, 13) . The progression of cells through the cell cycle is under positive control by a series of specific cyclin/CDK (cyclin-dependent kinase) complexes and is negatively controlled by specific CDKI (CDK inhibitors) (14, 15) . A number of proteins (p15, p16, p21/Cip1, and p27/Kip1) have been described to have inhibitory activity against the CDK complexes (16, 17) . The activity of the CDK family appears to be increased in some tumor cells in which these natural inhibitors of CDK activity may be absent or mutated (18, 19) . Thus, the development of potent CDK inhibitors would represent a novel approach for the inhibition of tumor cell growth.
The use of chemical agents to induce differentiation of tumor cells has received widespread attention as a potentially less toxic cancer therapy. Human colon cancer cells exhibit different degrees of histological differentiation. The morphology of HT-29 cells can be modulated to express distinct differentiation markers following treatment with various inducers (20, 21) . The induction of differentiation in human colon cancer cells is associated with an upregulation of the differentiation-related molecules, fibronectin (FN) and carcinoembryonic antigen (CEA) (22) (23) (24) . Differentiation inducers, such as retinoic acid (RA) and sodium butyrate (NaB), increase the differentiated phenotype of several cell lines mediated by modulations of cell adhesion molecules, including integrins, cadherins, and gelactin and, as a result, also inhibit cell proliferation (25) (26) (27) .
Regulation of cell-cell and cell-extracellular matrix (ECM) interaction is important for development, regeneration, tumor progression and, particularly, invasion and metastasis (28, 29) . The E-cadherin-catenin adhesion complex is one of the main events in the early and late steps of cancer development (30) . In general, E-cadherin and catenin staining is strong in welldifferentiated cancers that maintain their cell adhesiveness and are less invasive, but is reduced in poorly differentiated tumors (30) . It has become clear that E-cadherin is involved in contact inhibition of cell growth by inducing cell-cycle arrest (31, 32) . The human colon adenocarcinoma cell line, Colo 205, has lost adhesive capacity to the extracellular matrix (ECM) and shows a round and floating cell shape (33) . Colo 205 cells show defective cell adhesion possibly owing to aberrant p120ctn phosphorylation (34) . However, in v-Src-transfected L-cells, tyrosine phosphorylation of p120ctn was dependent on its association with E-cadherin and resulted in reduced cell adhesion (35) .
In this study, we evaluated the in vitro effects of DPA on proliferation and induction of differentiation of colon cancer cells, and the in vivo therapeutic potential of DPA in combination with CPT-11. The expression of negative cell-cycle regulators and adhesion molecules in DPA-treated colon cancer cells were examined. Results from this study demonstrated that DPA enhanced the in vivo anticancer activity of the chemotherapeutic agent, CPT-11, by elevation of the expression of p21/Cip1 and p27/Kip1. In addition, the DPA-induced differentiation in colon cancer cells was associated with an increased production of CEA and FN, and DPA-treated cells showed a more adhesive epithelial phenotype. The expression of p21/Cip1, p27/Kip1, E-cadherin, ß-catenin and p120 was involved in DPA-induced in vitro cytostatic and differentiation effects. Reagents. Antibodies against p21/Cip1 and p27/Kip1 were from BD Transduction Laboratories (Lexington, KY). Antibodies against p53 and p120 were from Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced chemiluminescence reagents were obtained from Amersham Pharmacia Biotech (Buckinghamshire, UK) and the protein assay reagents were from Bio-Rad (Hercules, CA).
Materials and methods

Cell
Assessment of cell viability. At appropriate times after DPA exposure, attached cells were trypsinized and combined with non-adherent cells. After centrifugation, cells were resuspended in culture media and stained with 0.4% trypan blue, and viable cells were counted using a haemocytometer.
DNA staining. A Cycle Test™ Plus DNA reagent kit (BectonDickinson, San Jose, CA) was used for DNA staining. After washing the cells twice with buffer solution, the cell concentration was adjusted to 1x10 6 /ml, and 0.5 ml of the cell suspension was centrifuged at 400 x g for 5 min at room temperature (20-25˚C). The cell pellet was added to 250 μl of Solution A (trypsin buffer) and gently mixed. After incubation at room temperature for 10 min, 200 μl of Solution B (trypsin inhibitor and RNase buffer) was added to each tube, gently mixed and then incubated at room temperature for 10 min. This was followed by the addition of 200 μl of Solution C (propidium iodide stain solution) and incubated for 10 min in the dark on ice (2-8˚C). The sample was filtered through a 50-mm nylon mesh and used for flow cytometric analysis.
Flow cytometry. Cells (10,000-20,000) were analyzed on a flow cytometer (FACScalibur; Becton-Dickinson, USA) using an argon-ion laser (15 mW) with the incident beam at 488 nm. The red fluorescence (FL-2) was collected through a 585-nm filter and the green fluorescence (FL-1) was collected through a 530-nm filter. The cell-cycle data was analyzed by ModFit and Cellquest softwares.
FN and CEA production. Cells (1x10 6 per dish) were seeded on 10-cm dishes and allowed to attach overnight and then the medium was discarded and replenished with medium containing DPA for incubation at 37˚C for 72 h. The conditioned medium was collected and stored at -20˚C before analysis. Levels of FN production were measured by a quantitative enzyme-linked immunosorbent assay (ELISA, Chemicon; USA), using primary rabbit anti-human FN antibody and goat anti-rabbit peroxidase conjugated secondary antibody. Levels of CEA production were measured by a radioimmunoassay (RIA) kit (CIS Bio International; France). Both FN and CEA concentrations were normalized to nanograms per 1x10 6 cells. The results are expressed as fold of increase of duplicate assays from one of two independent experiments. Cellular morphology. Cells (1x10 6 per dish) were seeded into 10-cm dishes and allowed to attach overnight. The culture medium was replenished with medium containing the DPA, and then incubated at 37˚C for 72 h in a humidified incubator. At the end of the 72 h, the ability of DPA to induce morphological changes in the Colo 205 cells was evaluated by phase contrast microscopy.
E-cadherin staining. The DPA-treated cells were washed with wash buffer, and fixed in 4% paraformaldehyde in PBS for 15 min. Cells were then washed with PBS. Cold 0.2% Triton X-100 5 ml in wash buffer was added to the cells and incubated for 5 min. After 1% bovine serum albumin blocking for 30 min, the cells were incubated with 20 μl of the FITCconjugated mouse anti-human E-cadherin monoclonal antibody (BD Pharmingen) or isotype control antibody (mouse IgG 1 , clone MOPC-21) for another 30 min at room temperature in the dark. The cells were washed with wash buffer, and used for fluorescence microscope analysis.
Western blotting. The treated-cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in a lysis buffer (50 mmol/l Tris-HCl, pH 8.0, 150 mmol/l NaCl, 0.5% Nonidet P-40, 1 mmol/l ethylenediaminetetraacetic acid, pH 8.0, 1 mmol/l ethylene glycol-bis (ß-aminoethylether)-N, N-tetraacetic acid, pH 8.0, 1 mmol/l sodium fluoride, 0.1 mmol/l sodium orthovanadate, 1 mmol/l dithiothreitol, 200 μg/ml phenylmethylsulfonyl fluoride, 2 μg/ml aprotinin, and 2 μg/ml leupeptin). Cell lysates were centrifuged at 12,000 g for 30 min at 4˚C, and supernatants were separated. Protein concentration was measured using a Bio-Rad protein assay kit. After boiling for 5 min in the presence of 2-mercaptoethanol, samples containing cell lysate protein were separated on 10% or 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then transferred onto equilibrated polyvinylidene difluoride membranes (Bio-Rad). After skimmed-milk blocking, the membranes were incubated with the primary antibodies described above. The bound antibodies were detected with horseradish peroxidase-labeled sheep anti-mouse IgG using an enhanced chemiluminescence detection system (ECL kit, Amersham Pharmacia Biotech).
RT-PCR analysis of E-cadherin and ß-catenin mRNA expression.
The expression of E-cadherin and ß-catenin mRNA was measured by RT-PCR. RNA (1 μg) isolated from control or DPA-treated cells was first converted to cDNA by reverse transcription using M-MLV reverse transcriptase (Invitrogen, US) and the Homo-Oligomeric DNA pd(T) [12] [13] [14] [15] [16] [17] [18] (Amersham, UK). The cDNA was then amplified by PCR. The E-cadherin and ß-catenin primers were as follows: forward, 5'-AGGCCAAGCAGCAGTACATT; backward, 5'-ATTCACATCCAGCACATCCA; and forward, 5'-TTGAAA ATCCAGCGTGGACA; backward, 5'-TCGAGTCATTGCA TACTGTC, respectively. The reaction was run at 94˚C (1 min), 60˚C (1 min), and 72˚C (1 min) for 20 cycles, which was within the linear reaction window. GAPDH was also measured by RT-PCR from the same RNA samples and used as an internal control. The GAPDH primers were: forward, 5'-CCA TCAATGACCCCTTCATTGACC; backward, 5'-GAAGGC CATGCCAGTGAGCTTCC.
Enhancement of the in vivo antitumoral activity of chemotherapeutic agent CPT-11 by DPA in the ICR-nu nude mice tumor xenograft model. All in vivo experiments were carried out with ethics committee approval and met the standards required by the UKCCCR guidelines (36) . Eightweek-old male ICR-nude mice were obtained from the National Laboratory Animal Center of National Applied Research Laboratories, Taipei, Taiwan and housed in a laminar flow room under sterilized conditions with temperature maintained at 25˚C and light controlled at a 12-h light and 12-h dark cycle. Colo 205 cells were harvested and resuspended in serum-free RPMI-1640 medium. Cells were adjusted to 1x10 7 cells/ml, and inoculated 0.1 ml into nude mice. Each experimental group included 7-8 mice bearing tumors. DPA and CPT-11 were dissolved in DMSO and normal saline, respectively. Treatment started when tumor size was 3-5 mm. DPA (20 mg/kg), CPT-11 (15 mg/kg) or a combination of DPA and CPT-11 were administered via i.p. injection twice a week (volume of injection: 0.1 ml/20 g of body weight). The control group received 0.1 ml DMSO vehicle. Tumor size and body weight were monitored twice a week throughout the experiment. The tumor size (V) was measured using a vernier caliper twice a week and was calculated according to the following formula: V (mm 3 ) = 0.4AB 2 , where A and B are the longest and shortest diameter, respectively (37) . At day 24, all mice were sacrificed by CO 2 gas. Tumors, livers, kidneys, and lungs were collected, fixed, embedded and stained with hematoxylin and eosin for pathological analysis.
Statistical analyses. All data are expressed as mean ± standard error. Difference between groups was assessed using Student's t-test. p<0.05 was considered as a significant difference.
Results
Antiproliferative effects of DPA. To determine the ability of DPA to inhibit cell proliferation in three colon cancer cell lines, cells were incubated in the absence or presence of increasing concentrations of DPA for 24-72 h. As shown in p21/Cip1 is a key regulator of cell entry into mitosis. A major function of the p27/Kip1 protein is to bind to the cyclin E/ CDK 2 complex and inhibit its kinase activity. Therefore, we examined whether the negative cell-cycle regulators, CDKIs p21/Cip1 and p27/Kip1, and the p21/Cip1 upstream protein p53 were involved in the DPA-induced-G 1 arrest effect (7), using Western blotting. Our results revealed that p21/Cip1 expression was initially elevated in HT-29 and Colo 205 at 24 h and was persistent for at least 72 h after 4-8 μM DPA treatment (Fig. 2) . p27/Kip1 expression was initially elevated in Colo 205 at 24 h and was persistent for at least 72 h after 4-8 μM DPA treatment. The inhibition of the level of p27/ Kip1 was observed in HT-29 at 48-72 h after 8 μM DPA treatment. The level of the p21/Cip1 upstream regulators p53 was not changed in Colo 205 cells after 2-8 μM DPA treatment (Fig. 2) .
The induction of CEA and FN expression. Fig. 3 illustrates the increased production of CEA and FN in Colo 205, HT-29 and HCT-15 cells after DPA treatment for 72 h. DPA (2-8 μM) treatment of these cells resulted in increased secretion of CEA and FN into the culture medium. An increase of 7.1-to 10.7-and 3.6-to 8.7-fold in soluble CEA and FN, respectively, was seen in Colo 205 cells after treatment with 4-8 μM DPA as compared to the untreated control cells. The HT-29 cells also showed a 2.5-to 3.9-and 3.3-to 12.0-fold increase in CEA and FN production, respectively, after treatment with 4-8 μM DPA. The HCT-15 cells showed less response to DPA treatment, a more than 2-fold increase in CEA and FN production was observed after treatment with 8 μM DPA. 
Effect of DPA on morphological change and E-cadherin localization in
RT-PCR analysis of E-cadherin and ß-catenin mRNA
expression. E-cadherin is bound via series of undercoat proteins, the catenins, to the actin cytoskeleton (38) . This linkage between transmembranous cadherins and actin filaments of the cytoskeleton is necessary to form strong cell-cell adhesion (39) . To assess whether the changes of E-cadherin and ß-catenin were observed in DPA-treated cells, the expression of E-cadherin and ß-catenin mRNA in DPA-treated cells were analyzed by RT-PCR. Fig. 5 shows that the expression of E-cadherin mRNA was increased, and ß-catenin mRNA was slightly decreased in 4 μM DPA-treated Colo 205 cells at 12-48 h. Thus, it appeared that the changes in expression of E-cadherin and ß-catenin were associated with increased cellcell adhesion in DPA-treated cells.
The expression level of p120 in DPA treated cells. Colo 205 cells show defective cell adhesion, possibly owing to aberrant p120ctn phosphorylation (34, 40) . p120ctn can regulate cell adhesion and motility through the actin cytoskeleton (40) . To assess whether the changes of p120 were involved in DPAinduced Colo 205 cell aggregation, the expression of p120 in DPA-treated cells was analyzed by Western blotting. Fig. 6 shows that the expression of dephosphorylated p120 was increased in 4-8 μM DPA-treated Colo 205 cells at 48-72 h. after treatment with DPA, CPT-11, or DPA in combination with CPT-11 was examined by flow cytometry. Fig. 7A shows that 2 μM DPA combined with 25 μg/ml CPT-11 showed increased in vitro antitumoral activity as compared to that of DPA or CPT-11 alone. The population of apoptotic sub-G 0 /G 1 Colo 205 cells in the combination of DPA and CPT-11 group was increased, as compared to DPA or CPT-11 alone (Fig. 7B) .
DPA enhanced the in vitro antitumoral
DPA enhanced the in vivo antitumor effect of CPT-11 in human colon cancer xenografts.
To further investigate whether DPA could enhance the in vivo antitumoral activity of the chemotherapeutic agent, CPT-11, Colo 205 cells were transplanted into ICR nude mice and, when the tumors were palpable (3-5 mm), the mice were treated with vehicle control, DPA (20 mg/kg, i.p., twice a week), CPT-11 (15 mg/kg, i.p., twice a week), or DPA in combination with CPT-11. Fig. 8A shows that the tumor size from control animals showed an average of 510.3 mm 3 at the end of this study. In contrast, the tumor size from the DPA plus CPT-11 combination treatment group had an average of only 33.6 mm 3 . The tumor size of DPAand CPT-11-treated animals was 209.6 and 121.8 mm 3 , respectively. The antitumoral activity of DPA in combination with CPT-11 showed a 6-and 3-fold increase as compared to DPA and CPT-11 alone, respectively. These results clearly show that DPA enhanced the antitumoral activity of CPT-11.
The challenge of DPA (20 mg/kg, i.p., twice a week) or DPA in combination with CPT-11 in nude mice produced no obvious acute toxicity. No significant reduction in body weight was observed in DPA-treated mice (Fig. 8B) . In addition, no tissue damage was observed in liver, lung or kidney after examination of the tissue slices stained with hematoxylin and eosin (data not shown). The DPA-enhanced in vivo antitumor effect of CPT-11 is related to the elevation of the expression of p21/Cip1 and p27/Kip1, but not p53. To further investigate the molecular mechanism of in vivo antitumor activity, the protein lysates from tumor tissue were used for Western blot analysis of p21/Cip1, p27/Kip1 and p53. Fig. 8C shows that the levels of p21/Cip1 and p27/Kip1 were increased in the tumor tissue of nude mice after co-treatment with DPA and CPT-11. However, The in vivo antiproliferative effect of DPA or CPT-11 alone, or DPA combined with CPT-11 for human colon cancer xenografts. DMSO served as control group. When the tumors were palpable (3-5 mm), the ICR nude mice were either treated with vehicle control or DPA (i.p., twice a week). Data are the mean ± standard error from 6 to 10 samples of one representative experiment. Treatment of nude mice with DPA (20 mg/kg) combined with CPT-11, the tumor growth was significantly (P<0.05) decreased in mice as compared to DPA or CPT-11 alone at the end of the experiment. (B) Changes in body weight of nude mice after treatment or non-treatment with DPA, CPT-11 or DPA combined with CPT-11. Each data point is the mean ± standard error from 6 to 10 samples of one representative experiment. (C) The DPA-enhanced in vivo anticancer activity of the chemotherapeutic agent, CPT-11, is related to elevation of the expression of p21/Cip1 and p27/Kip1, but not p53. the expression of p53 showed no change in these tumors. Results from this study showed that DPA enhanced the in vivo anticancer activity of CPT-11 by elevation of p21/Cip1 and p27/Kip1 through a p53-independent mechanism.
Discussion
In this study, we demonstrated that DPA is active in inhibiting the growth of human colon cancer cells. The combination of DPA with CPT-11 has significant synergistic effect against human colon cancer in vitro and in vivo. These observations provide significant information for consideration of DPA in clinical cancer chemotherapy.
In the current study, three colon cancer cell lines with distinct biological properties (i.e. morphological differentiation, CEA production, etc.) were used and treated with DPA. Colo 205 is a poorly differentiated cell line and HT-29 is a welldifferentiated cell line (41, 42) . The two colon cancer cell lines regardless of their state of differentiation had their growth markedly slowed by DPA. The DPA-induced growth inhibition in Colo 205 and HT-29 cells was largely due to a G 1 arrest in cell-cycle progression (7) . However, the multidrug-resistant HCT-15 (43) also showed response to DPA. Similar to DPDinduced antiproliferative effect (6), Colo 205 and HT-29 were more sensitive than HCT-15 to DPA-induced cell growth suppression.
The use of differentiation-inducing agents in human colon cancer has received widespread attention as a potentially less toxic cancer therapy. Differentiation-inducing agents often inhibit growth in conjunction with the induction of differentiation in cancer cells. Several studies have shown that the up-regulation of CEA and FN expression is associated with a differentiation induction response in human colon cancer cells (44) (45) (46) . The differentiation-inducing agents, ATRA and NaB, have been reported to enhance CEA and FN production in some colon cancer lines (47) (48) (49) . DPA was a potent inducer of soluble CEA and FN production in the three colon cancer cell lines examined (Fig. 3) , which produce CEA and FN constitutively. The Colo 205 and HT-29 cells, however, were relatively more responsive to DPA in CEA and FN production by comparison with HCT-15. DPA induced a strong increase in FN production in HT-29 cells, which was similar to ATRA (50) . The ATRA-induced differentiation was also characterized by the morphological flattening of cells and tight junctions between adjacent cells in apical human colon cancer. In the present study, we observed that the morphology of DPA-treated cells increased their adherence to one another and changed their shape and properties to a more adhesive epithelial phenotype. The DPA-induced morphology changes are also similar to that of staurosporine induced effect in Colo 205 cells (34) . However, no reversal in these morphological changes (data not shown) and growth inhibition was observed after removal of DPA in colon cancer cells (7) . These results are also similar to the DPD-induced effect (6) . The DPA-induced differentiation is in agreement with observations that NaB and ATRA induced differentiation in colon cancer cells (47, 50) . Nevertheless, NaB, at a millimolar dose, induced colon cancer cells to differentiate. However, the NaB-mediated HT29 differentiation was found to be reversible following a return to NaB-free medium (51) . In vivo, NaB has a half-life too short to produce any therapeutic effect. Our results show that DPA is more active than NaB in suppressing cell growth and concomitantly promoting differentiation of human colon cancer cells. These results suggest that the irreversible property of DPA can prolong the action half-life and provide a potentially less toxic therapy for human colon cancer.
The tumor suppressor has been implicated in a variety of cellular processes (52) . Among the transcriptional targets of p53, the CDKI p21/Cip1 plays a key role in mediating G 1 arrest (53) . Another CDKI is p27/Kip1, which mediates growth arrest and is thought to play a critical role in negative regulation of cell division in vivo (17, 54) . The outcome of CDKIs induction in most cells is cessation of cell proliferation, differentiation, or even cell death. In the present study we observed that the elevation of CDKIs p21/Cip1 and p27/Kip1 was p53 independent and involved in DPA-induced antiproliferative and differentiative activity in both Colo 205 cells (containing wild-type p53) and HT-29 cells (with mutated p53). This result together with our observation that DPA treatment did not result in any change in p53 expression (Fig. 2B) suggest that DPA-induced CDKI upregulation involves a p53-independent pathway.
It has been known that cell-cell adhesion is generally reduced in human cancers. Reduced cell-cell adhesiveness is associated with loss of contact inhibition of proliferation, thereby allowing escape from growth control signals (31) . Alteration in the E-cadherin/catenin complex was observed in RA-treated human MCF-7 breast cancer cells (27) . E-cadherin in colon cancer cells has been found to be decreased or with altered affinity (55) . ß-catenin is thought to be involved in inhibiting apoptosis and promoting cellular proliferation and migration in colon cancer cells (56, 57) . Our results show that treatment of colon carcinoma Colo 205 cells with DPA not only resulted in inhibition of cell proliferation but also increased cell adhesion. Immunofluorescence micrographs further demonstrated that the distribution of E-cadherin was altered and increased. E-cadherin level was observed at cellcell junctions in DPA-treated cells. This result agrees with our finding that the mRNA expression level of E-cadherin was increased in DPA-treated Colo 205 (Fig. 5) . In contrast to E-cadherin, the mRNA expression of ß-catenin was slightly decreased in DPA-treated Colo 205 cells.
Upregulation of tyrosine phosphorylation of ß-catenin and p120ctn occurs frequently in surgical specimens of colorectal and lung cancer (30) . Analysis of p120ctn isoforms in a variety of murine cell lines revealed that non-adherent cells do not express detectable levels of p120ctn (58) . Colon carcinoma cells, Colo 205, show defective cell adhesion, possibly owing to aberrant p120ctn phosphorylation (34) . p120ctn can regulate cell adhesion and motility through the actin cytoskeleton via Rho family GTPases (40) . In this study, our observation of the decrease in the higher phosphorylation level of p120ctn in DPA-treated Colo 205 cells (Fig. 6) correlates well with increased cell adhesion.
Achieving pharmacologically effective doses of anticancer drugs without any toxicity is important. In this study, we observed that treatment of Colo 205 tumor-bearing nude mice with DPA or DPA in combination with CPT-11 significantly decreased the tumor size in mice as compared to control groups. Moreover, twice a week i.p. challenge of DPA or DPA in combination with CPT-11 in nude mice produced no obvious acute toxicity (Fig. 8 ). An important finding is that the cotreatment of DPA and CPT-11 increased a p53-independent induction of p21/Cip1 and p27/Kip1 in tumor tissue from nude mice. This result correlated well with our in vitro results of DPA-induced elevation of p21/Cip1 and p27/Kip1 in Colo 205 cells. These results suggest that p53-independent cell-cycle regulators, such as p21/Cip1 and p27/Kip1, and the cell adhesion molecules, E-cadherin, ß-catenin and p120ctn, may be important targets of differentiation inducers. The potential of using a differentiation inducer such as DPA for combination therapy of colon cancer is worthy of further investigation.
